Using 13N03-, effects of various N03-pretreatments upon N03-influx were studied in intact roots of barley (Hordeum vulgare L. cv Klondike). Prior exposure of roots to N03-increased N03-influx and net NO3-uptake. This 'induction' of N03-uptake was dependent both on time and external NO3-concentration back control upon net NO3-uptake have been in dispute.
sible for the negative feedback effects.
In higher plants, N03-uptake is unique in that it is subject to both positive and negative feedback regulation. Plants which have not been pretreated with N03-show low levels of tissue N03-and low rates of net NO3-uptake (sometimes referred to as 'constitutive' uptake [4] ). Following exposure to NO3-, root [NO3-] and NO3-uptake increase several fold with time (4, 10, 13) . This increase in N03-uptake ('induced' by NO;) appears to be a specific response to NO3-provision, since other sources of N (e.g. NH4+) appear to be ineffective.
Thus it is probable that NO3-per se is the inducing agent. Consistent with this observation is the finding that NO3-uptake is independent of the activity of the enzyme nitrate reductase ( 12, for review see 4) .
Numerous studies have shown that, during post induction periods, net NO3-uptake rates are under negative feedback control: they increase following N-starvation and decrease following NO3-pretreatment ( 15, 18 and references therein). However, in other species (24, 29) the existence of negative feedback may be obscured because removal of NO3-from the external medium causes an immediate decrease of N03-uptake.
The mechanism(s) responsible for exerting negative feed- ' Supported by the Natural Sciences and Engineering Research
Council of Canada. 806 back control upon net NO3-uptake have been in dispute.
According to Deane-Drummond and Glass (6, 7) and Glass (10) , who used 36C103-and '3NO3-, respectively, to examine NO3-influx after various NO3-pretreatments, influx was independent of prior exposure to NO3-. By contrast, Lee and Drew (17) showed that withholding NO3-for 3 d increased Vma for NO3-influx. It has been suggested that both influx and efflux may be regulated independently and that the contribution of efflux in the control of net flux may be a feature of perturbation rather than steady state (4) . The apparently opposing effect of NO3-, with respect to induction and negative feedback, presents a much more complicated scenario for understanding the regulation of NO3-uptake than is the case for most other ions. Furthermore, the metabolism of NO3-to generate a host of reduced nitrogen derivatives further complicates prospects for identifying feedback signals. It is evident that to clarify these processes it is critical to examine NO3-fluxes over as short a time scale as is feasible and to undertake time course studies so that the component processes (induction and negative feedback) can be identified and isolated. The experiments reported here, using '3N03-, were designed to meet these goals.
MATERIALS AND METHODS

Seed Germination and Plant Growth
Seeds of barley (Hordeum vulgare L. cv Klondike) were germinated in sterilized moist sand on plastic mesh fitted into plexiglass discs (40-50 seeds per disc) as described by Siddiqi and Glass (26 The roots were transferred to influx solution labeled with 13N03-for 10 min. The uptake was terminated by transferring roots to 40 dm3 of an identical but nonradioactive solution for 2 min to desorb '3N03-from the free space. The desorption time of 2 min was selected on the basis of efflux experiments to maximize removal of cell wall '3N03-while minimizing loss from a cytoplasmic pool (our unpublished data).
Roots were placed in scintillation vials and counted immediately in a Searle Isocap scintillation spectrometer without scintillation cocktail. Root samples were then weighed and their NO3-content determined.
After correction for decay, fluxes were corrected for quenching by the root tissue. A quench curve was established by comparative counting of y-emissions in a ay-counter and positron emission in the scintillation counter. Unfortunately, the y-counter was remote from our laboratory and its use involved loss of approximately 1 half-life in transporting the samples across campus. Hence, for all of the experiments described, counting of the positron emission was obtained by scintillation counting.
Net NO3-Uptake
Rates of net uptake of NO3-were determined by measuring the disappearance of NO3-from the external medium.
Production and Purification of 13N03-
The '3N species were produced by the proton irradiation of H20 on the TRIUMF-ACEL CP42 cyclotron using 20 MeV protons. The 3 mL target volume was loaded remotely and an overpressure of 3 atm was used during irradiation. Typically, the irradiations were performed for 10 min with a 10 pA beam. These conditions provided '3N primarily as NO3-(>90%) (28) .
The samples were transported from the TRIUMF facility to the University of British Columbia campus via an underground pipeline with transit times of 2 to 3 min. However, '3NH4+, '3N02-and some '8F were present in the 807 sample as contaminants. These were removed by the following procedures. '8F was removed by passing the sample through a SEP-PAK Alumina N Cartridge (Waters Associates) twice. 4 100
Then 2 mL of 1 N H2S04 and 1 mL of 20% H202 were added and the sample was boiled for 2.5 min to remove N02 (16 
Deinduction/Reinduction of N03-Influx
When plants previously fed with NO3-were transferred to N-free medium, there was a substantial decline in influx within the first few hours of N-deprivation (Figs. 7 and 9 ). However, '3NO3-fluxes of these 'deinduced' plants were -1.5 times higher than those of plants which had never been exposed to N03-. Two hours after removal of NO3-, '3NO3-influx had declined significantly, although there was no detectable change in root [NO3-] (Fig. 9) . Subsequently, N deprivation over a period of 3 days caused a gradual decrease in root [NO3-] with little change of influxes (Figs. 7 and 8 ).
In the same experiment, one set of plants each from the 24, were higher and root [NO3-] was lower (Figs. 7 and 8) following reinduction. However, root [NO3-] of plants which had never been deprived of NO3- (Fig. 8) was similar to that of the 24 h reinduced plants although '3NO3-influx of the latter was twofold higher.
DISCUSSION
In the measurement of unidirectional influx of ions, using radioactive tracers, there is an inherent error (underestimation) involved due to a concurrent efflux of the tracer during the experimental period. The magnitude ofthis error depends on the rate of increase of cytoplasmic specific activity and the (17), that a 10 min influx period did underestimate influx (Table  I) . Taking the 1 min influx period as equivalent to 100%, 10 min influx values were 74% of the former. However, since determination of specific uptake rates (,umol g-' h-') involved multiplying by 60, 24, 11, 8, 6 , respectively, any error associated with remaining apparent free space 13N03-would overestimate influx based upon a 1 min influx period. Given the need to consider the factors discussed above as well as the technical problem of handling large numbers of samples, the 10 min influx period, 2 min desorption was considered an acceptable compromise, particularly since the investigation sought to examine comparative effects of induction and negative feedback.
Induction and Deinduction of N03-Uptake
It is well established that net NO3-uptake is subject to induction by the presence of external NO3-(4, 10 for review). In agreement with those of Lee and Drew (17) , our results showed that plasmalemma '3N03-influx was increased by NO3-pretreatment; maximum induction caused a four-to fivefold increase of influx compared to the uninduced plants (Figs. 1-4) . Kinetic studies have suggested that constitutive and inducible N03-uptake are mediated by two distinct 'carrier' systems and that the latter requires de novo protein synthesis (1 3, 17) .
There are conflicting reports in the literature regarding the concentration dependence of the induction of NO3-uptake. For example Breteler and Nissen (1) observed that induction was independent of [NO3]0 in beans. By contrast, Neyra and Hageman (22) and Maeck and Tischner (19) reported that induction was concentration dependent. In our study, the induction of '3NO3-influx was dependent upon [NO3-o (Fig.  4) . This is contrary to the results of Maeck and Tischner ( 19) There is general agreement that induction of the N03 uptake system specifically requires the presence of external N03- (12, 13, 23) . Neither NH4' (12) and by implication, no other product of NO3-reduction, is capable of inducing N03 uptake. Although the induction of N03-uptake and NO3 reduction appear to be synchronized, there is now strong evidence that the former is independent of the latter (21, for review see 4, 10). However, Deane-Drummond (5) (Fig. 8) yet influx of the former was two-to threefold higher than the latter (Fig. 7 ). It appears safe to assume that induction is dependent upon the cytoplasmic [NO3-] (23, 29) . Considering the reported short half life for NO3-exchange and small pool size of cytoplasmic NO3- (6, 16) (27) and Arabidopsis thaliana (8), NO3-starvation for a few hours to days actually increased N03-uptake; further deprivation, however, caused reduction in NO3-uptake, eventually to the constitutive levels. These genotypes may be more efficient in the retrieval of vacuolar NO3-to maintain cytoplasmic [NO3-] at some value which is critical for the maintenance of the induced condition. The corn cultivars which were the subject of the study by Theyker et al. (27) differed substantially in the duration ofelevated fluxes following NO3-deprivation. There is also evidence that there are substantial genotypic differences among barley cutlivars in the retrieval of vacuolar K+ (20) . Note that in Midas (the barley cultivar used by Lee and Rudge [18] , and Lee and Drew [17] (4) has questioned the existence of a constitutive (uninduced) N03 uptake system on the basis of a failure to measure net NO3-uptake in uninduced plants. We have also observed that net uptake was not detectable until 3 to 4 h after exposure to NO3-. However, the same plants showed a 13N03-influx of -0.7 ,umol g-'h-' upon first exposure to NO3-(5 min prewash and 10 min uptake in NO3-solution) (Fig. 3) . This indicates that the constitutive NO3-uptake system was present but that during the first few hours of induction efflux nearly matched the influx. After about 6 h of exposure to NO3-, efflux, relative to influx, decreased (Fig.  3) to a steady value.
Negative Feedback Regulation of N03-Uptake In contrast to the situation for induction, the signals responsible for negative feedback effects on NO3-uptake are not known with certainty. Potential candidates might include NO3-and products of NO3-reduction such as N02-, NH4', or amino acids. In earlier reports from this laboratory (6, 7, 11) , it was suggested that NO3-influx is insensitive to prior NO3-treatment and that the major source of regulation of N03-uptake was through effects on efflux (7, 8, 13) . Lee and Drew (17) , by contrast, have demonstrated that withholding exogenous N03-for 3 days caused a significant increase in the Vm.. for '3N03-influx.
Our results suggest that the situation is much more complex than hitherto realized. We observed that during the induction period (until the peak induction was achieved), influxes were positively correlated with root [NO3-1 (Figs. 1-5 (Fig. 6) , the arguments advanced by Lee and Rudge (18) suggeSt that neither root [NO3-] per se nor [NH4"] was responsible for the negative feedback regulation of NO3-influx but, rather, some products of NH44 assimilation (18) . Their argument is based, in part, upon the work of Breteler and Siegerist (2) . The latter observed that methionine sulfoximine and azaserine, inhibitors of glutamine synthetase and glutamate synthase, respectively, increased tissue [NH4"] but relieved, rather than increased, the negative feedback effects (referred to as 'repression' by Breteler and Siegerist) of NH4" supply. In addition, it has long been known that net NO3-uptake is inhibited by provision of certain amino acids (4, 10 for review). However, there appear to be differences among species in sensitivity to particular amino acids (8, for review 4). In addition, the study by Lee and Rudge (18) demonstrated that prior accumulation of NO3-or NH4" reduced net NH4" uptake to similar extents, indicating a common negative feedback regulation for N03-and NH4" uptake which they interpreted as being from some
